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Abstract
Background: Given the broad spectrum of health and wellbeing outcomes that are patterned by socioeconomic
position (SEP), it has been suggested that there may be common biological pathways linking SEP and health.
Allostatic load is one such pathway, which aims to measure cumulative burden/dysregulation across multiple
physiological systems. This study aimed to determine the contextual and demographic factors (age, sex and place)
that may be important in better understanding the links between lower SEP and higher allostatic load.
Methods: Data were from a nationally representative sample of adults (18+): the Scottish Health Survey (2008–2011).
Higher SEP (‘1’) was defined as having ‘Higher’-level, secondary school qualifications versus having lower level or no
qualifications (‘0’). For allostatic load, a range of 10 biomarkers across the cardiovascular, metabolic and immune
systems were used. Respondents were scored “1” for each biomarker that fell into the highest quartile of risk. Linear
regressions were run in STATA, including SEP, age (continuous and as a 7-category variable), sex (male/female),
urbanity (a 5-category variable ranging from primary cities to remote rural areas) and geographical location (based on
10 area-level healthboards). Interactions between SEP and each predictor, as well as stratified analyses, were tested.
Results: Lower SEP was associated with higher allostatic load even after adjusting for age, sex and place (b = −0.631,
95 % CI −0.795, −0.389, p < 0.001). There was no significant effect moderation between SEP and age, sex or place.
Stratified analysis did show that the inequality identified in the baseline models widened with age, becoming
significant at ages 35–44, before narrowing at older ages (75+). There was no difference by sex, but more mixed
findings with regards place (urbanity or geographical location), with a mix of significant and non-significant results by
SEP that did not appear to follow any pattern.
Conclusions: Inequalities in allostatic load by educational attainment, as a measure of SEP, are consistent with age, sex
and place. However, these stratified analyses showed that these inequalities did widen with age, before narrowing in
later life, matching the patterns seen with other objective and subjective health measures. However, effect moderation
analysis did not support evidence of a statistically significant interaction between age and SEP. Context remains an
important feature in understanding and potentially addressing inequalities, although may be less of an issue in terms
of physiological burden.
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Background
Throughout the world individuals with lower socioeco-
nomic position (SEP) experience lower levels of health
and reduced life expectancy [1]. This trend is continuous
and exhibits no threshold limit; even those of relatively
high SEP experience reduced levels of health in compari-
son to those with a slightly greater SEP [2], known as
the social gradient in health. Socioeconomic differences
exist for almost every major contemporary and historical
cause of mortality and morbidity, highly suggestive of a
common physiological pathway [3, 4]. Mechanistically,
chronic and/or high levels of stress evoke over-activation
of the hypothalamic-pituitary-adrenal (HPA) and
sympathetic-adrenal-medullary (SAM) axes and prolong
the secretion of neuroendocrine measures (e.g. cortisol)
as primary mediators, before later effects on secondary
(e.g. blood pressure) and tertiary (e.g. cellular ageing)
outcomes [5]. Sustained exposure results in dysregula-
tion and desensitisation to the stress response (reviewed
by McEwen, 2002 [6]). These exposures manifest in a re-
duced capacity to adapt [7], inducing a recalibration
process to restore the normative environment, known as
allostasis [8]. Although allostasis is beneficial in the
short-term, chronic, high levels result in cumulative
damage, known as allostatic load [9, 10]. The measure
used most often is a simple count score of the number
of biomarkers that fall into the highest quartile of risk of
the sample distribution [11]. Additional common con-
structs include using clinical cut-offs or z-scores, al-
though there is no agreed ‘preferred’ construct currently
[12]. High allostatic load, which is typically measured
using a number of the body’s physiological biomarkers
(primarily constructed using secondary outcomes of the
stress pathway, as described above) as indicators of regu-
lation/dysregulation [13], is predictive of an increased
risk of a number of adverse medical conditions [14–16],
and all-cause mortality [13]. Subsequent reduction in
allostatic load is also associated with a reduction in risk
of dying [17].
A growing literature has identified a consistent associ-
ation between lower SEP and higher allostatic load
across multiple cohorts and population samples [18–24].
However, less attention has been focused on how this
association differs within populations given different in-
dividual characteristics such as age, sex and place (ur-
banity and geographic location. Understanding how the
relationship between SEP and allostatic load differs ac-
cording to such individual characteristics across the life-
course will be an important step in ensuring that the
allostatic load concept can be used effectively across the
entire population and in developing policies and pro-
grammes to reduce inequalities that are effective across
these characteristics. The aim of this study was to ac-
quire a better understanding of the social patterning of
allostatic load given these demographic/contextual fac-
tors using data from a large, nationally representative
health survey, an important consideration in the devel-
opment of more effective and targeted interventions to
equitably reduce allostatic load and health inequalities in
the general population. We hypothesised that allostatic
load would be higher in those with lower SEP, with these
inequalities widening with age (given the accumulated
nature of the SEP-allostatic load relationship [22]) and
then narrowing at older ages (matching results for other
health outcomes). We did not predict that the SEP-
allostatic load relationship would change between men
and women or by urbanity. With geographic location,
we hypothesised that Greater Glasgow and Clyde would
have the widest inequalities, given the city’s well-
publicised poor health record in relation to the rest of
Scotland, the UK and Europe [25–28].
Methods
Study sample
This study used data from the Scottish Health Survey
(SHeS) to examine the effect of sex, age and place on
the association between allostatic load and SEP. This
data is freely available from UK Data Service (http://
ukdataservice.ac.uk/). The combined 2008–11 datasets
were used, which possess relatively uniform design and
measurements to maximise sample size. Only adults
(aged ≥18 years) are included in this study as clinical as-
sessments were not carried out on children. The SHeS is
an annual cross-sectional study (since 2008, with previ-
ous waves in 1995, 1998 and 2003), which provides in-
formation of the Scottish population’s health for
children and adults residing within private households.
Respondents were randomly selected from private
households and with up to two adults and two children
from each household eligible to participate. All partici-
pants were interviewed with in-depth questions covering
general perceived health, lifestyle, income and health be-
haviours. A random selection of adults within the sam-
ple (n = 4,273, approximately 11 % of total) had a second
visit from a nurse for urine, saliva and blood samples
alongside blood pressure readings and anthropometric
measurements. Consent to take blood within this se-
lected sample was 86 % (n = 3,580), although only 3,356
blood samples were successfully collected (Fig. 1). Of
these, 38 were excluded for being under 18 years of age
(see Methods > Socioeconomic Position for the reason-
ing), leaving 3,318. Excluding participants who did not
have measurements for all biomarkers for the full allo-
static load score reduced the sample size to 1,921. A
more detailed account of the surveillance methodology
can be found elsewhere [29]. Ethical approval for the
study was granted by the Research Committee for Wales
(08/MRE09/62).
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Allostatic load
Allostatic load is measured via surrogate measures using
a range of biomarkers. These were selected a priori on
the basis of previous research and data availability (i.e.
neuroendocrine markers were not available) [12, 30].
Ten biomarkers met the inclusion criteria, these repre-
sented a range of physiological systems: cardiovascular
(pulse rate, systolic blood pressure (SBP) and diastolic
blood pressure (DBP)); metabolic (body mass index
(BMI), waist-to-hip ratio (WHR), high-density lipopro-
tein (HDL) cholesterol, total cholesterol and glycated
haemoglobin (HbA1C)) and immune (fibrinogen and C -
reactive protein (CRP)). Although each biomarker may
not contribute to allostatic load equally, they were given
equal weight as prior research indicates that an equally
weighted algorithm provides an adequately predictive es-
timate of the true effect of allostatic load [17]. SBP and
DBP, pulse rate, WHR and BMI were obtained from
physical measurements. HbA1C, fibrinogen, CRP and
cholesterol were obtained from blood samples. Details
about collection of these measures is available in the
SHeS Technical Report [29].
Those prescribed blood pressure lowering medication
at the time of the survey were adjusted for by adding
10 mmHg and 5 mmHg to their respective SBP and
DBP [31]. Those taking diabetes medication had 1 %
added to their HbA1C values [32]. The use of statins re-
sulted in the addition of 21.24 mg/dL (1.18 mmol/l) to
total cholesterol levels [33], and participants on diuretics
had their total cholesterol reduced by 4 %, whilst beta-
blockers resulted in the addition of 10 % to HDL choles-
terol [34]. Medication effect was manually entered into
each biomarker because the allostatic load outcome is
entered into the regression model as a singular value
Fig. 1 Details of the original and analysis sample sizes
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and ensures the greatest possible prediction accuracy in
incorporating the effects of medication, without risking
the incorporation of too many covariates (discussed by
Pocock et al., 2002 [35]). Sensitivity analysis using medi-
cations as confounders revealed no significant alterations
to the main results reported.
Each individual biomarker’s empirical threshold risk
was calculated by ranking each biomarker relative to the
other respondents. The highest 25th percentile of the
population was selected for each biomarker. With the
exception of HDL cholesterol, which used the lowest
25th percentile, as this is a strong inverse predictor of
cardiovascular disease [36, 37]. The respondents were
scored “1” for each biomarker in the high risk quartile,
which was computed into an equally weighted allostatic
load score out of a maximum of 10, following the stand-
ard methodology [9, 18, 38, 39], enabling identification
of relative dysregulation within the population.
Socioeconomic position
Education level (qualifications attained) was used as an
indicator of SEP as it represents a long-term and stable
indicator of SEP [40]. Qualifications were transformed
from sextile (ranging from no qualifications to degree
level) to a binary measure. Higher SEP was classified as
possessing the equivalent of ‘Highers’ and above, whilst
lower SEP was defined as those possessing up to ‘Stand-
ard Grade’ qualifications [41, 42]. Standard Grades were
the main type of qualification in schools for 15 and
16 year olds in Scotland, and were generally taken over
two years in third and fourth year at secondary school
(up until 2013 when they were replaced with ‘National
Qualifications’). Highers are suitable for learners who
have progressed from Standard Grade, typically taken at
age 17 during fifth year at secondary school and are the
typical requirement for entry into university education.
Those under the age of 18 were excluded to avoid mis-
classification due to being too young to have sat the
Higher grade exams (typically taken at age 17) (n = 38).
Age, sex and place
Age was transformed into an age2 variable to account
for non-linear effects [39, 43]. Sex was a binary variable
(male and female). Two place variables were used. First,
an urban/rural measures was created using 6 categories,
ranging from primary city (population >125,000) to re-
mote rural location. Towns and rural locations were
stratified into accessible and remote (methodology in
National Statistics Publication for Scotland, 2011 [44]),
because those of working ages tend to live in accessible
towns and villages surrounding cities and commute into
the primary city for work, whilst less-accessible locations
tend to exhibit less wealth [45], so it was hypothesised
these areas may have different environments and thus
stratification will reduce confounding. The primary city
group was selected as the reference variable as its mean
allostatic load score x ¼ 2:42ð Þ was similar to the overall
sample mean x ¼ 2:55ð Þ and encompassed the greatest
population (n = 657), and so was deemed adequately rep-
resentative of the sample. A second variable looked at
geographic location, based on National Health Service
health board. In Scotland, there are 14 regional health
boards, reduced to 10 given low sample sizes. This re-
sulted in Borders and Dumfries and Galloway being
combined, as well as the Islands being combined with
the Highlands. These groupings remained geographically
relevant given the close proximity of the areas (Borders
and Dumfries & Galloway) and/or typical groupings used
in other local authority settings (Highlands and Islands).
Lothian health board was selected as the reference cat-
egory given its mean allostatic load score x ¼ 2:55ð Þ was
similar to the overall sample mean x ¼ 2:42ð Þ and encom-
passed the greatest population (n = 330).
Statistical analysis
All analyses were carried out using linear regression in
Stata version 11. The baseline model assessed the associ-
ation between SEP and allostatic load only, with no
other variables included in the model. This baseline
model was then built on by including the variable of
interest (age, sex or place) into the model, including an
interaction term with SEP to assess effect modification.
The dataset provided weights to help account for selec-
tion bias between those who were asked to give blood
(representative of the whole sample) and those who ac-
tually consented to blood draws, thereby making the
dataset more representative of the original intended
sample by incorporating these weights into the regres-
sion model [29]. However, these weights cannot account
for differences between the final analysis sample and
those who consented to bloods.
Sensitivity analysis
Sensitivity analysis was also used to evaluate the con-
structs and assumptions used in the linear regression
model, as well as to test the robustness of the results.
These tests were decided a priori. The effect of changing
the threshold of the biomarkers from empirical to clin-
ical was examined [15, 21, 46]. However, this measure
does not specifically examine indicators of dysregulation
per se, rather disease/clinical risk prevalence within a
population. These measures do however allow for popu-
lation comparability, as they do not change based on the
population studied and will verify if interaction persists
at a clinical level. These cut-offs were defined using
standard clinical cut-offs (Additional file 1: Web Table
1), and typically used higher cut-offs than the primary
analysis. This changed the maximum allostatic load
Robertson and Watts BMC Public Health  (2016) 16:126 Page 4 of 13
score to eight (from nine), with only two individuals
with this score.
Results
Of the 3,580 respondents who consented to having
bloods and anthropometric measures taken, 1,918 had
results for all 10 biomarkers and full data for sex, age,
place and SEP and were included in the analysis, al-
though 81 were excluded given high CRP values
(>10 mg/dL) (Fig. 1). This sample was 44.3 % male, with
ages ranging from 18–94 (mean age = 48.7; SD = 15.8)
(Table 1). Considerable socioeconomic diversity was evi-
dent; one third of the sample attained at least a Univer-
sity degree, whilst 16.5 % had no qualifications. Mean
allostatic load was 2.52 and scores ranged from 0–9
(Table 2). The distribution of scores had a positive skew,
with 55 % of individuals having an allostatic load score ≤2.
No respondents had an allostatic load of 10.
Increasing age was associated with higher allostatic
load (b = 0.051, 95 % CI 0.036, 0.067, p < 0.001), repre-
senting a 1-unit increase in allostatic load with every
19.4 years. There was no evidence of a non-linear age
effect (using an age2 and an age3 transformation)
(age2: b = −0.080, 95 % CI −0.286, 0.446, p = 0.668;
age3: b = −0.001, 95 % CI −0.001, 0.001, p = 0.185).
Sex differences were present, with female respondents
significantly more likely to have lower allostatic load
than males (b = −0.368, 95 % CI −0.507, −0.169, p < 0.001).
Urban/rural place of residence was also associated with
allostatic load, with residents in all places excluding small
remote towns and accessible rural areas showing a higher
allostatic load when in compared to primary cities.
Table 1 Characteristics of participants in analysis and by SEP
Covariate Total Low SEP High SEP
Total 1834 (100 %) 716 (39.0 %) 1118 (61.0 %)
SEX
Male 812 (44.3 %) 311 (43.4 %) 501 (44.8 %)
Female 1022 (55.7 %) 405 (56.6 %) 617 (55.2 %)
AGE
18-24 109 (5.9 %) 37 (5.2 %) 72 (6.4 %)
25-34 265 (14.4 %) 40 (5.6 %) 225 (20.1 %)
35-44 398 (21.7 %) 123 (17.2 %) 275 (24.6 %)
45-54 391 (21.3 %) 157 (21.9 %) 234 (20.9 %)
55-64 363 (19.8 %) 163 (22.8 %) 200 (17.9 %)
65-74 197 (10.7 %) 124 (17.3 %) 73 (6.5 %)
75+ 111 (6.1 %) 72 (10.1 %) 39 (3.5 %)
Urban/Rural
Primary City (pop > 125,000) 626 (34.1 %) 216 (30.2 %) 410 (36.7 %)
Urban (pop > 10,000) 530 (28.9 %) 222 (31.0 %) 308 (27.5 %)
Small Accessible town (pop > 3,000) 165 (9.0 %) 75 (10.5 %) 90 (8.1 %)
Small Remote town (pop > 3,000) 74 (4.0 %) 36 (5.0 %) 38 (3.4 %)
Accessible Rural 299 (16.3 %) 103 (14.4 %) 196 (17.5 %)
Remote Rural 140 (7.6 %) 64 (8.9 %) 76 (6.8 %)
Location
Ayrshire & Arran 115 (6.3 %) 51 (7.1 %) 65 (5.8 %)
Borders, Dumfries & Galloway 114 (6.2 %) 47 (6.6 %) 68 (5.9 %)
Fife 167 (9.1 %) 49 (6.8 %) 124 (10.7 %)
Forth Valley 104 (5.7 %) 42 (5.9 %) 65 (5.6 %)
Grampian 232 (12.6 %) 102 (14.2 %) 137 (11.8 %)
Greater Glasgow & Clyde 299 (16.3 %) 125 (17.5 %) 180 (15.5 %)
Highland & Islands 141 (7.7 %) 59 (8.2 %) 83 (7.2 %)
Lanarkshire 166 (9.1 %) 72 (10.1 %) 95 (8.3 %)
Lothian 312 (17.0 %) 100 (14.0 %) 220 (19.0 %)
Tayside 184 (10.0 %) 69 (9.6 %) 117 (10.1 %)
Robertson and Watts BMC Public Health  (2016) 16:126 Page 5 of 13
Compared to Lothian, only respondents from Ayrshire &
Arran (b = 0.495, 95 % CI 0.058, 0.931, p = 0.026) and Fife
(b = 0.503, 95 % CI 0.061, 0.946, p = 0.026) had signifi-
cantly higher allostatic load scores.
There was a significant inequality in allostatic load by
educational attainment, with those with higher SEP hav-
ing significantly lower allostatic load scores compared to
those with lower SEP (b = −0.959, 95 % CI −1.179,
−0.739 p < 0.001). This disparity is the equivalent of a
18.6-year age difference in physiological health, based on
the results of the age-allostatic load association de-
scribed above. This association remained after adjust-
ment for age, but the magnitude of effect was reduced
to the equivalent of a 11.6-year difference in physio-
logical burden (b = −0.593, 95 % CI −0.798, −0.387, p <
0.001). Adjusting for sex, urban/rural location and geo-
graphical location did not attenuate the associations
(Table 3). Next we tested for any evidence of effect mod-
eration by any of these variables (using interaction terms
with SEP). However, for each of the variables, there was
no significant interaction effect (p > 0.05), with higher
allostatic load scores in those with lower SEP consistent
across all analyses (Table 4). Although there was no ef-
fect moderation, we did examine the SEP inequality by
each factor in stratified analyses to visualise these associ-
ations in closer detail. For both men and women, there
was the expected social gradient in allostatic load, with
higher allostatic load with lower SEP (Fig. 2, Table 4).
For age, there were significantly higher allostatic load
scores in those with lower SEP from ages 35 and above,
but this pattern was not seen between 18 and 34 years
of age. There was also evidence that this inequality had
begun to narrow at older ages (75+) (Fig. 3, Table 5). For
urban/rural, the social patterning of allostatic load was
only significant in the primary cities, urban environ-
ments and accessible rural environments (Fig. 4, Table 5).
Finally for geographical location, allostatic load was only
socially patterned and statistically significant in 4 of the
10 locations, with the largest inequality seen in Lothian
(which includes the city of Edinburgh) (Fig. 5, Table 5).
Sensitivity analysis
When using clinical cut-offs (rather than quartiles for
the operationalisation of allostatic load), those with
Table 2 Descriptive statistics of individual biomarkers among adults (≥18 years), Scottish Health Survey (n = 1,834)
System Biomarker High Risk Threshold
(Allostatic load score +1)
Clinical risk
threshold
Range Mean Score
(Standard Deviation)
Cardiovascular Pulse Rate (bpm) ≥76.3 bpm ≥100 bpm 37.7 − 108.0 69.9 (10.40)
Systolic Blood Pressure (mmHg) >138.5 mmHg ≥140 mmHg 87.5 − 218.5 128.5 (17.84)
Diastolic Blood Pressure (mmHg) >82.5 mmHg ≥90 mmHg 38.5 − 114.0 75.2 (10.97)
Metabolic BMI (kg/m2) >30.0 kg/m2 >30 kg/m2 14.0 – 47.0 27.4 (4.64)
Waist-to-hip ratio (Men) ≥0.93 ≥0.94 0.76 − 1.15 0.93 (0.07)
Waist-to-hip ratio (Women) ≥0.93 ≥0.80 0.66 − 1.08 0.83 (0.07)
HDL cholesterol (mmol/L) ≤1.20 mmol/L ≤1.00 mmol/L 0.5 − 3.3 1.50 (0.40)
Total cholesterol (mmol/L) >6.24 mmol/L >6.20 mmol/L 2.5 − 10.4 5.55 (1.08)
HbA1c (%) ≥5.80 % ≥5.70 % 4.1 − 13.7 5.57 (0.57)
Immune Fibrinogen (g/L) ≥3.40 g/L ≥4.0 g/L 1.1 − 5.0 3.00 (0.51)
C-Reactive Protein (mg/L) ≥2.70 mg/L ≥10.0 mg/L 0.1 – 10.8 2.02 (2.02)
Allostatic load score - - 0 − 9 2.52 (1.95)
Table 3 Educational disparities in allostatic load (using quartiles), adjusted for age, sex, urban/rural and location
Beta (Lower vs Higher SEP) 95 % Confidence Intervals P-value
Baseline model (unadjusted) −0.959 −1.179, −0.739 <0.001
+ Age −0.593 −0.798, −0.387 <0.001
+ Age + Age2 −0.597 −0.802, −0.387 <0.001
+ Age + Age2 + Age3 −0.599 −0.803, 0.395 <0.001
+ Sex −0.969 −1.189, −0.749 <0.001
+ Urban/Rural −0.935 −1.154, −0.715 <0.001
+ Location −0.969 −1.187, −0.752 <0.001
+ Age, Sex, Urban/Rural and Location −0.631 −0.795, −0.389 <0.001
*Lower SEP : Lower socioeconomic position (Scottish Standard Grade qualifications and below), which is also the reference category
** Higher SEP: Higher socioeconomic position (Scottish Higher Grade qualifications and above)
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higher SEP continued to show lower allostatic load
after adjusting for age (b = −0.359, 95 % CI −0.501, −0.218,
p < 0.001), equivalent to 7.3 years difference in physio-
logical burden. As before, there was no effect modification
from any of the contextual factors, although looking at the
SEP patterning stratified by age showed a similar pattern
to before, with inequalities becoming significant from ages
35 and up, before narrowing at older ages. The results
stratified by sex, urban/rural and location mirrored those
of the quartile-based allostatic load analyses (results not
presented).
Discussion
This study has explored in further detail the relationship
between lower SEP and higher allostatic load across the
lifecourse using a large, nationally representative popula-
tion sample, finding that inequalities widen with age, be-
fore narrowing in later life through stratified analysis
(although there was no statistically significant interaction
effect between age and SEP). The social patterning of
allostatic load appears to be consistent with sex, while
there are more mixed findings with regards place (ur-
banity or geographical location).
While other studies have typically adjust for age or
sex, the small number of studies that have considered
the more nuanced patterns of inequalities in allostatic
load have also shown some similar results. Geronimus
(2006) showed inequalities in higher risk allostatic load
(using poverty:income ratio) increase with age [18]. This
study used data from the US National Health and Nutri-
tion Examination Survey (NHANES IV, 1999–2002), but
did not look at ages above 64 and focused on a bin-
ary measure considering the risk of having an allo-
static load score of 4 or more. Additional analyses of
the NHANES study (using NHANES III) has shown
that these inequalities in allostatic load occur across
Table 4 Interaction effects between educational attainment
(SEP/socioeconomic position) and age, sex, urban/rural and
location
Beta 95 % Confidence Intervals P-value
Age * SEP −0.004 −0.015, 0.007 0.471
Age2 * SEP −0.004 −0.457, 0.376 0.848
Age3 * SEP −0.001 −0.001, 0.001 0.618
Sex * SEP 0.221 −0.212, 0.654 0.316
Urban/Rural *SEP −0.009 −1.133, 0.114 0.881
Location * SEP −0.027 −1.100, 0.045 0.460
Fig. 2 Mean allostatic load (based on quartiles) for men and women, by educational attainment (lower SEP = Standard Grades or below) (with
Standard Errors). * = p < 0.05
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adult life (ages 20-80+), also weakening with older
age [47]. In analyses of socioeconomic inequalities
using lifecourse measures of SEP (with allostatic load
measured at age 43), Gustafsson et al. (2010) found
that the inequalities were similar in men and women
(although had potentially different mediators) [20].
Analyses of place effects on the relationship between
SEP and allostatic load have typically focused on
using neighbourhood measures of SEP (showing a po-
tentially independent effect over and above individual
SEP) [38]. However there is no other known evidence
for place effects in terms of urbanity or geographic
location.
Widening socioeconomic inequalities with age have
been seen with various morbidities and mortality [48–50],
including a typical pattern of these inequalities narrowing
at older ages [51–54]. However, evidence from longitu-
dinal studies has begun to find that these narrowing in-
equalities may be more of an artefact given survival bias
(those with lowest SEP have the poorest health and there-
fore become underrepresented at older ages) and through
using less proximal SEP measures [55]. The narrow in-
equalities at younger ages are also theorised to be due to
the accumulated nature of disadvantage (and allostatic
load) requiring time to show physiological and health con-
sequences, with various potential mediators [22, 56].
Other studies have also found that the effect of SEP on
health, rather than physiological dysregulation per se, in-
creases with younger birth cohorts [57]. It has been sug-
gested that this is the result of the changing contexts for
the SEP-health association. For example, life expectancy
has increased with younger cohorts; the differences in the
meaning of different SEP measures have changed for dif-
ferent cohorts (e.g. the growing importance of education
in people’s lives with younger birth cohorts); and the pat-
tern of diseases has also altered across cohorts. While it is
not possible in this study to unravel age and cohort ef-
fects, the possibility that there are cohort effects, rather
than age effects present, may be a factor to consider.
Given that our allostatic load measure contained pre- and
post-clinical cut-offs, it is also telling that we witness the
same patterns as seen with other morbidities and mortal-
ities. However, the lack of statistical significance in the ef-
fect moderation analysis (compared to stratified analysis)
suggests that the inequality seen at different ages is not as
strong as perhaps seen with other more clinical outcomes.
However, there remains a case for measures such as allo-
static load to be considered as pre-clinical markers of ill
Fig. 3 Mean allostatic load (based on quartiles) at different ages, by educational attainment (lower SEP = Standard Grades or below) (with Standard
Errors). * = p < 0.05
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health, and potential alternative outcomes/predictors
when assessing health inequalities and the effects of inter-
ventions/programmes to improve health and reduce in-
equalities. What remains less known is if the allostatic
load concept accurately predicts disease/death across the
lifecourse (there is evidence that it does at older ages [13,
58, 59]) and if it offers any additional power over using
single biomarkers or biomarkers across single physio-
logical systems.
In this study we also considered the importance of
place in the social patterning of allostatic load. There
were no significant interaction effects, with allostatic
load typically higher in lower versus higher SEP groups
across all ten areas and urban/rural settings (although
not always statistically significant). In terms of urbanity,
it was not simply a case that the inequalities were
present in the larger, more urban areas. Smaller sample
sizes were present in the areas that were statistically
non-significant, reducing the statistical power available.
A similar inconsistent pattern was also seen with geo-
graphical location, where it was not the case that the
areas with larger cities displayed the widest and signifi-
cant inequalities. While the areas housing the major cit-
ies of Glasgow and Edinburgh (Greater Glasgow and
Clyde and Lothian, respectively) did show significant
inequalities, Grampian (Aberdeen city) and Tayside
(Dundee city) did not. We did not consider area-level
deprivation in this study as we viewed it a separate
Table 5 Educational disparities in allostatic load (using quartiles), stratified by sex, age groups, urban/rural and geographic location
Covariate Beta (Lower* vs Higher** SEP) 95 % Confidence Intervals P-value
Overall Effect (Unadjusted) −0.959 −1.179, −0.739 <0.001
SEX
Male −1.085 −1.443, −0.726 <0.001
Female −0.863 −1.119, −0.608 <0.001
AGE
16-24 −0.281 −0.955, 0.393 0.410
25-34 −0.243 −0.782, 0.296 0.374
35-44 −0.698 −1.193, −0.204 0.006
45-54 −0.806 −1.262, −0.350 0.001
55-64 −0.559 −1.975, −0.144 0.008
65-74 −0.653 −1.188, −0.119 0.017
75+ −0.831 −1.556, −0.106 0.025
Urban/Rural
Primary City (pop > 125,000) −1.019 −1.430, −0.607 <0.001
Urban (pop > 10,000) −0.889 −1.272, −0.506 <0.001
Small Accessible town (pop > 3,000) −0.309 −0.986, 0.368 0.368
Small Remote town (pop > 3,000) −0.439 −1.328, 0.449 0.334
Accessible Rural −1.467 −1.921, −0.012 <0.001
Remote Rural −0.686 −1.478, 0.117 0.093
Location
Ayrshire & Arran −1.049 −1.773, −0.325 0.005
Borders, Dumfries & Galloway −1.013 −1.829, 0.198 0.016
Fife −0.875 −1.613, 0.137 0.021
Forth Valley −0.891 −1.782, 0.001 0.050
Grampian −0.847 −1.542, −0.152 0.017
Greater Glasgow & Clyde −0.829 −1.389, −0.269 0.004
Highland & Islands −0.653 −1.368, 0.062 0.073
Lanarkshire −1.031 −1.628, 0.434 0.001
Lothian −1.519 −2.029, −1.009 <0.001
Tayside −0.784 −1.413, 0.155 0.015
*Lower SEP : Lower socioeconomic position (Scottish Standard Grade qualifications and below), which is also the reference category
**Higher SEP: Higher socioeconomic position (Scottish Higher Grade qualifications and above)
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research question (does area-level SEP remain after
adjusting for individual SEP), but it is possible that these
larger area measures are less relevant to people’s health
compared to more local-level measures (such as those
derived from postcodes). In those studies that have
considered area-level deprivation, it does appear there
is an independent effect over and above individual
SEP [21, 38].
As a sensitivity measure, we did consider the clinical
cut-off operationalisation of allostatic load, finding that
it mirrored the patterns seen in the ‘quartile’ distribution
score. While arguments remain regarding the best oper-
ationalisation of allostatic load, the use of the distribu-
tion score measure is perhaps the most common [11].
This score is typically favoured given it matches the ori-
ginal allostatic load concept of a ‘sub-clinical dysregulation
state’ more closely than a clinical-cut off score [11, 60].
However, it makes cross-sample comparisons more diffi-
cult as the cut-off points vary from one population to an-
other. Clinical cut-offs do offer greater comparability
though, important when considering the results of allo-
static load studies (and perhaps more importantly, testing
interventions involving allostatic load) in different
populations and settings. However, it is relatively easy to
measure allostatic load in more than one way to improve
the reliability and comparability of results.
This study used a large, nationally representative sam-
ple of the Scottish population, a country with high-
profile health inequalities compared to other regions of
the UK and Europe [26, 27, 61]. This study also builds
on the limited evidence that specifically focuses on how
the socioeconomic patterning of allostatic load may dif-
fer given other demographic/contextual factors. Despite
these strengths, we must note some potential limitations.
First, the sample was cross-sectional in nature and would
be improved upon by including a longitudinal component,
especially in the progression of allostatic load over time.
In addition, we have only included one population sample
in this study. This study of the Scottish population may
not be generalizable to other populations and, given the
high allostatic load cut-offs (sometimes above clinical cut-
offs), may also further highlight Scotland’s poor health rec-
ord [62]. Third, although the overall sample size of the
study was large, within some groupings small sample sizes
were inevitable (e.g. small areas or locations). Looking at
effect moderation using interaction terms revealed that
Fig. 4 Mean allostatic load (based on quartiles) in different urban and rural locations, by educational attainment (lower SEP = Standard Grades or
below) (with Standard Errors). * = p < 0.05
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the differences seen in the stratified analysis might be in-
fluenced by such small sample sizes (present in the youn-
gest and oldest ages). A related issue is that of missing
data, especially given the need for all 10 biomarkers being
required to produce the allostatic load score. As well as
reducing the sample size, there is the potential for the ana-
lysis sample to be substantially different to the original
sample. However, comparisons between the whole ‘blood’
sample and the analysis sample for age, sex, urbanity, loca-
tion and SEP revealed no substantive differences in fre-
quencies (unpublished). The only category that perhaps
showed underrepresentation was those age 75+ with lower
SEP. The reasons for this were typically invalid/low blood
samples or missing results from at least one of the an-
thropometric or blood measures. This may be relevant to
the issues of survival bias discussed above with regards
narrowing inequalities at these older ages. All analyses
were weighted to be representative of the Scottish
population using weights to correct for different se-
lection probabilities and for non-response. However,
while these weights make the ‘blood’ and ‘main’ sam-
ple comparable to the population in question, they
cannot address issues of item missingness from re-
spondents who did give samples.
Our allostatic load construct did not contain any
markers from the hypothalamic pituitary adrenal (HPA)
axis that forms part of the neuroendocrine system (stress
response). The stress response is believed to play a key
role in allostasis and subsequent allostatic load, with a
cascade of events that starts with primary stress media-
tors, such as cortisol, before initial stress responses (‘pri-
mary effects’ such as rapid increases in blood pressure
and sugars/fats that supply the body with extra energy)
and then to secondary and tertiary outcomes (measured
in our allostatic load model). These stress markers can
be difficult to measure in large surveys where direct
examination of the stress response (e.g. measuring corti-
sol) is difficult due to the circadian rhythms shown in
these stress hormones (e.g. cortisol and DHEA-S) and
the rapid sampling required in order to measure baseline
versus activated levels (e.g. cortisol). This has made in-
clusion of these measures in large surveys less common
than traditional clinical markers such as blood pressure
or cholesterol. However, inclusion of measures such as
cortisol or DHEA-S could improve the power of allo-
static load as an earlier risk predictor for disease, but
their exclusion does not invalidate this allostatic load
construct as the subsequent outcomes of cortisol release
Fig. 5 Mean allostatic load (based on quartiles) in different geographical locations, by educational attainment (lower SEP = Standard Grades or
below) (with Standard Errors). * = p < 0.05
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are still being included. Finally there are potential limita-
tions in the operationalisation of both allostatic load and
SEP, and the subsequent interpretations that can be
made (discussed above). We did perform sensitivity ana-
lysis with an alternative allostatic load construct and
found no substantive differences. Although there re-
mains no firm agreement on the best operationalisation
of allostatic load, the quartile construct remains com-
monly used and relatively easy to interpret (compared to
z-scores or more complex methods such as canonical
correlation) [12, 63]. We did carry out sensitivity work
using an alternative education cut-off (low SEP = no
qualifications) to take into account changing educational
attainment between the younger and older cohorts (not
published). However, this measure produced a relatively
small lower SEP group (emphasised in some stratified
analyses) and meant the higher SEP group contained a
broader grouping of educational attainment levels that
may not best represent what ‘higher’ SEP is attempting
to measure. Hence, the magnitude of the inequality and
the statistical significance was reduced, despite demon-
strating the same patterns. It could be possible to use
other measures of SEP in addition to education, al-
though in this sample this would have resulted in greater
levels of missing data (e.g. using occupational-based so-
cial class, which also suffers from different meanings at
different stages of the lifecourse). Education is “an indi-
cator of SEP at the onset of adult life that sets an indi-
vidual’s socioeconomic trajectory for the future” [64]. If
follows that effects of SEP on cumulative physiological
burden (such as allostatic load) may take many years to
accumulate, so education may provide a more robust
marker of SEP through, in particular, early adult life and
middle age, compared to measures simply taken at the
time of the sampling (e.g. housing status or occupational
status/social class).
Conclusions
This study has found that socioeconomic inequalities
(measured using education) in allostatic load are present
in a large, nationally representative study. These inequal-
ities widen with age, before narrowing in later life, al-
though there was no significant interaction effect
between age and SEP. These findings are important in
the case being made for allostatic load to be considered
a pre-clinical risk marker that may help explain some of
the mechanisms linking SEP and health. However, indi-
viduals’ demographic and contextual circumstances can
play a role in the precise nature of this socioeconomic
patterning and thereby alter the assumptions and effects
of subsequent interventions to reduce such health in-
equalities. In addition, this evidence is important in our
understanding of how socioeconomic factors can
influence health across the lifecourse, not just in individ-
ual physiological systems, but throughout the body.
Additional file
Additional file 1: Allostatic Load clinical cut-offs. (DOCX 31 kb)
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
EW: contributed to the design, conducted the initial analysis and drafted the
initial manuscript, as well as commented on the final draft. TR: contributed
to the design of the study, conducted further analyses and wrote the final
manuscript. Both authors read and approved the final manuscript.
Acknowledgements
We are grateful to all of the participants in the Scottish Health Survey, to the
survey staff and research nurses who carried out the fieldwork, and to the
Scottish Health Survey staff who manage the data and the data collection.
Author details
1School of Health Sciences, University of Stirling, Stirling FK9 4LA, UK. 2Cancer
Epidemiology Unit, University of Oxford, Oxford OX3 7LF, UK.
Received: 27 May 2015 Accepted: 1 February 2016
References
1. Graham H. Unequal lives: health and socioeconomic inequalities.
Maidenhead, UK: Open University Press; 2007.
2. Graham H, Kelly MP. Health Inequalities: Concepts, Framework and Policy.
HDA Briefing paper. London, UK: HDA; 2004.
3. Adams JM, White M. Biological ageing: a fundamental, biological link between
socio-economic status and health? Eur J Public Health. 2004;14(3):331–4.
4. Dunn JR. Health behavior vs the stress of low socioeconomic status and
health outcomes. JAMA. 2010;303(12):1199–200.
5. Schulkin J. Allostasis, Homeostasis and the costs of Physiological Adaptation.
New York, USA: Cambridge University Press; 2004.
6. McEwen BS. Sex, stress and the hippocampus: allostasis, allostatic load and
the aging process. Neurobiol Aging. 2002;23(5):921–39.
7. Seeman M, Stein Merkin S, Karlamangla A, Koretz B, Seeman T. Social status
and biological dysregulation: the "status syndrome" and allostatic load. Soc
Sci Med. 2014;118:143–51.
8. McEwen BS. Protective and damaging effects of stress mediators. N Engl J
Med. 1998;338(3):171–9.
9. Seeman T, Singer BH, Rowe JW, Horwitz RI, McEwen BS. Price of
adaptation–allostatic load and its health consequences. MacArthur studies
of successful aging. Arch Intern Med. 1997;157(19):2259–68.
10. McEwen BS. Stress, adaptation, and disease. Allostasis and allostatic load.
Ann N Y Acad Sci. 1998;840:33–44.
11. Read S, Grundy E. Allostatic load - a challenge to measure multisystem
physiological dysregulation . London, UK: National Centre for Research
Methods; 2012.
12. Juster RP, McEwen BS, Lupien SJ. Allostatic load biomarkers of chronic stress
and impact on health and cognition. Neurosci Biobehav Rev. 2010;35(1):2–16.
13. Seeman T, Crimmins E, Huang MH, Singer B, Bucur A, Gruenewald T, et al.
Cumulative biological risk and socio-economic differences in mortality:
MacArthur studies of successful aging. Soc Sci Med. 2004;58(10):1985–97.
14. Kobrosly RW, van Wijngaarden E, Seplaki CL, Cory-Slechta DA, Moynihan J.
Depressive symptoms are associated with allostatic load among
community-dwelling older adults. Physiol Behav. 2014;123:223–30.
15. Parente V, Hale L, Palermo T. Association between breast cancer and
allostatic load by race: National Health and Nutrition Examination Survey
1999–2008. Psychooncology. 2013;22(3):621–8.
16. Sabbah W, Watt RG, Sheiham A, Tsakos G. Effects of allostatic load on the
social gradient in ischaemic heart disease and periodontal disease: evidence
from the Third National Health and Nutrition Examination Survey.
J Epidemiol Community Health. 2008;62(5):415–20.
Robertson and Watts BMC Public Health  (2016) 16:126 Page 12 of 13
17. Karlamangla AS, Singer BH, Seeman TE. Reduction in allostatic load in older
adults is associated with lower all-cause mortality risk: MacArthur studies of
successful aging. Psychosom Med. 2006;68(3):500–7.
18. Geronimus AT, Hicken M, Keene D, Bound J. "Weathering" and age patterns
of allostatic load scores among blacks and whites in the United States. Am
J Public Health. 2006;96(5):826–33.
19. Gruenewald TL, Karlamangla AS, Hu P, Stein-Merkin S, Crandall C, Koretz B,
et al. History of socioeconomic disadvantage and allostatic load in later life.
Soc Sci Med. 2012;74(1):75–83.
20. Gustafsson PE, Janlert U, Theorell T, Westerlund H, Hammarstrom A.
Socioeconomic status over the life course and allostatic load in adulthood:
results from the Northern Swedish Cohort. J Epidemiol Community Health.
2011;65(11):986–92.
21. Merkin SS, Karlamangla A, Roux AV, Shrager S, Seeman TE. Life course
socioeconomic status and longitudinal accumulation of allostatic load in
adulthood: multi-ethnic study of atherosclerosis. Am J Public Health.
2014;104(4):e48–55.
22. Robertson T, Popham F, Benzeval M. Socioeconomic position across the
lifecourse & allostatic load: data from the West of Scotland Twenty-07
cohort study. BMC Public Health. 2014;14:184.
23. Szanton SL, Gill JM, Allen JK. Allostatic load: a mechanism of socioeconomic
health disparities? Biol Res Nurs. 2005;7(1):7–15.
24. Kubzansky LD, Kawachi I, Sparrow D. Socioeconomic status, hostility, and
risk factor clustering in the Normative Aging Study: any help from the
concept of allostatic load? Ann Behav Med. 1999;21(4):330–8.
25. Hanlon P, Lawder RS, Buchanan D, Redpath A, Walsh D, Wood R, et al.
Why is mortality higher in Scotland than in England and Wales?
Decreasing influence of socioeconomic deprivation between 1981 and
2001 supports the existence of a 'Scottish Effect'. J Public Health.
2005;27(2):199–204.
26. McCartney G, Collins C, Walsh D, Batty GD. Why the Scots die younger:
synthesizing the evidence. Public Health. 2012;126(6):459–70.
27. McCartney G, Walsh D, Whyte B, Collins C. Has Scotland always been the
'sick man' of Europe? An observational study from 1855 to 2006. Eur J
Public Health. 2012;22(6):756–60.
28. Walsh D, Bendel N, Jones R, Hanlon P. It's not 'just deprivation': why do
equally deprived UK cities experience different health outcomes? Public
Health. 2010;124(9):487–95.
29. Roth M, Gharib W, Day J, Doig M, Dowling S, Rutherford L. Quality Control
of Blood, Urine and Saliva Analytes. In: Rutherford L, Sharp C, Bromley C,
editors. Scottish Health Survey Technical Report Volume 3. Edinburgh, UK:
Scottish Government; 2012. P. 70-79.
30. Read S, Grundy E. Allostatic load and health in the older population of
England: a crossed-lagged analysis. Psychosom Med. 2014;76(7):490–6.
31. Law MR, Wald NJ, Morris JK, Jordan RE. Value of low dose combination
treatment with blood pressure lowering drugs: analysis of 354 randomised
trials. BMJ. 2003;326(7404):1427.
32. Sherifali D, Nerenberg K, Pullenayegum E, Cheng JE, Gerstein HC. The Effect
of Oral Antidiabetic Agents on A1C Levels: A systematic review and meta-
analysis. Diabetes Care. 2010;33(8):1859–64.
33. Law MR, Wald NJ, Rudnicka AR. Quantifying effect of statins on low density
lipoprotein cholesterol, ischaemic heart disease, and stroke: systematic
review and meta-analysis. BMJ. 2003;326(7404):1423.
34. Weir MR, Moser M. Diuretics and beta-blockers: is there a risk for
dyslipidemia? Am Heart J. 2000;139(1 Pt 1):174–83.
35. Pocock SJ, Assmann SE, Enos LE, Kasten LE. Subgroup analysis, covariate
adjustment and baseline comparisons in clinical trial reporting: current
practice and problems. Stat Med. 2002;21(19):2917–30.
36. Barter P, Gotto AM, LaRosa JC, Maroni J, Szarek M, Grundy SM, et al. HDL
cholesterol, very low levels of LDL cholesterol, and cardiovascular events. N
Engl J Med. 2007;357(13):1301–10.
37. Gordon T, Castelli WP, Hjortland MC, Kannel WB, Dawber TR. High density
lipoprotein as a protective factor against coronary heart disease. The
Framingham Study. Am J Med. 1977;62(5):707–14.
38. Bird CE, Seeman T, Escarce JJ, Basurto-Davila R, Finch BK, Dubowitz T, et al.
Neighbourhood socioeconomic status and biological 'wear and tear' in a
nationally representative sample of US adults. J Epidemiol Community
Health. 2010;64(10):860–5.
39. Crimmins EM, Johnston M, Hayward M, Seeman T. Age differences in
allostatic load: an index of physiological dysregulation. Exp Gerontol.
2003;38(7):731–4.
40. Grundy E, Holt G. The socioeconomic status of older adults: how should we
measure it in studies of health inequalities? J Epidemiol Community Health.
2001;55(12):895–904.
41. Scottish Qualifications Authority. Progression from Standard Grade to
Higher and from Higher to Advanced Higher. Glasgow, UK: Scottish
Qualifications Authority; 2003.
42. Scottish Government. Summary statistics for attainment, leaver destinations
and healthy living, No.4: 2014 Edition. Edinburgh, UK: Scottish Government;
2014.
43. Mair CA, Cutchin MP, Kristen Peek M. Allostatic load in an environmental
riskscape: the role of stressors and gender. Health Place. 2011;17(4):978–87.
44. National Records of Scotland. 2011 Census: Key Results from Releases 2A to
2D. Edinburgh, UK: National Records of Scotland; 2014.
45. Office for National Statistics. Earnings by Qualification, 2011. London, UK:
ONS; 2011.
46. Borrell LN, Crawford ND. Social disparities in periodontitis among US adults:
the effect of allostatic load. J Epidemiol Community Health. 2011;65(2):144–9.
47. Seeman T, Merkin SS, Crimmins E, Koretz B, Charette S, Karlamangla A.
Education, income and ethnic differences in cumulative biological risk
profiles in a national sample of US adults: NHANES III (1988–1994). Soc Sci
Med. 2008;66(1):72–87.
48. Acheson D. Inequalities in health: report of an independent inquiry. In.
London, UK: HMSO; 1998.
49. SDH (Commission on Social Determinants of Health). Closing the gap in a
generation: Health equity through action on the social determinants of
health. Final Report of the Commission on Social Determinants of Health.
Geneva, Switzerland: World Health Organization; 2008.
50. Marmot M. Fair society, healthy lives: strategic review of health inequalities
in England post 2010. London: Institute of Health Equity; 2010.
51. Huisman M, Read S, Towriss CA, Deeg DJ, Grundy E. Socioeconomic
inequalities in mortality rates in old age in the world health organization
europe region. Epidemiol Rev. 2013;35:84–97.
52. Huisman M, Kunst AE, Bopp M, Borgan JK, Borrell C, Costa G, et al.
Educational inequalities in cause-specific mortality in middle-aged and older
men and women in eight western European populations. Lancet.
2005;365(9458):493–500.
53. Huisman M, Kunst AE, Andersen O, Bopp M, Borgan JK, Borrell C, et al.
Socioeconomic inequalities in mortality among elderly people in 11
European populations. J Epidemiol Community Health. 2004;58(6):468–75.
54. Huisman M, Kunst AE, Mackenbach JP. Socioeconomic inequalities in
morbidity among the elderly; a European overview. Soc Sci Med. 2003;57(5):
861–73.
55. Benzeval M, Green MJ, Leyland AH. Do social inequalities in health widen or
converge with age? Longitudinal evidence from three cohorts in the West
of Scotland. BMC Public Health. 2011;11:947.
56. Ross CE, Wu CL. Education, age, and the cumulative advantage in health.
J Health Soc Behav. 1996;37(1):104–20.
57. Lynch SM. Cohort and life-course patterns in the relationship between
education and health: a hierarchical approach. Demography.
2003;40(2):309–31.
58. Gruenewald TL, Seeman TE, Karlamangla AS, Sarkisian CA. Allostatic load
and frailty in older adults. J Am Geriatr Soc. 2009;57(9):1525–31.
59. Goldman N, Turra CM, Glei DA, Lin YH, Weinstein M. Physiological
dysregulation and changes in health in an older population. Exp Gerontol.
2006;41(9):862–70.
60. McEwen BS. Allostasis and allostatic load: implications for
neuropsychopharmacology. Neuropsychopharmacology. 2000;22(2):108–24.
61. McCartney G, Russ TC, Walsh D, Lewsey J, Smith M, Smith GD, et al. Explaining
the excess mortality in Scotland compared with England: pooling of 18 cohort
studies. J Epidemiol Community Health. 2015;69(1):20–7.
62. Whyte B, Ajetunmobi T. Still the "sick man of Europe". GCPH: Glasgow, UK;
2012.
63. Mauss D, Li J, Schmidt B, Angerer P, Jarczok MN. Measuring allostatic load in
the workforce: a systematic review. Ind Health. 2015;53(1):5–20.
64. Steptoe A, Hamer M, Butcher L, Lin J, Brydon L, Kivimaki M, et al.
Educational attainment but not measures of current socioeconomic
circumstances are associated with leukocyte telomere length in healthy
older men and women. Brain Behav Immun. 2011;25(7):1292–8.
Robertson and Watts BMC Public Health  (2016) 16:126 Page 13 of 13
